INTRODUCTION
Chili peppers are well known for their economic importance because they are available in a diverse range of colors, flavors, and shapes, in addition to possessing various nutritional properties. Further, their typical pungency contributes to their extensive utilization in the food industry. The flavor attributes as well as health functions of chili peppers play important roles in their popularity as a consumer product. The growing attention paid to the flavor of chili peppers has led to an increase in the number of studies aiming to understand not only their taste, but also there are five domesticated species of Capsicum C. annuum, C. frutescens, C. chinense, C. pubescens, and C. baccatum among which C. annuum and C. frutescens have been cultivated in Japan. Since C. frutescens is also used in exotic condiments, it is an attractive subject of study. In addition, among the C. frutescens accessions from Ryukyu Island in Japan, Shimatogarashi possesses an atypical isozyme pattern, as opposed to other C. frutescens accessions from Southeast and East Asia 5 .
Okinawan people produce their own unique dipping sauce called koregusu using Shimatogarashi soaked in a local liquor known as awamori. Some studies have investigated the flavor as well as the nutritional components of Tabasco C. frutescens peppers 6 8 , but very few studies have explored Shimatogarashi peppers. During ripening, Shimatogarashi undergoes several color changes from green to orange and then to red. In our previous research 9 ,
we characterized the phytochemical components as well as biological functions of the red stage of Shimatogarashi in comparison to Takanotsume C. annuum . Although considered horticulturally ripe, the green stage is physiologically immature, which means that once harvested, the green fruits are incapable of normal ripening. Thus, Capsicum fruits are categorized as having non-climacteric ripening 4 . Characterizing fruit components with respect to the different stages of harvest is essential, because of the numerous changes occurring during maturation, including changes in the synthesis, transport, and degradation of fruit metabolites which affect aroma and taste of the fruit 3 .
The antioxidant activity also changes during fruit ripening 7 . In addition, lipid soluble compounds may play an important role on taste, aroma and antioxidant activity. Many studies have investigated the effect of ripening in climacteric fruits such as apples 10 , bananas 11 , and tomatoes 12 .
On the other hand, the aroma evolution of non-climacteric fruits is not well understood 3 . Thus, this study may contribute to our understanding of the origin of aroma and taste as well as the functional properties when utilizing both mature and immature chili pepper fruit.
EXPERIMENTAL PROCEDURES

Plant materials
Shimatogarashi C. frutescens seeds originating from Miyako Island, were obtained courtesy of the Okinawa Prefectural Agricultural Research Center Okinawa, Japan . The plants were grown at the Subtropical Field Science Center, University of the Ryukyus, Okinawa, Japan. Planting the seeds for germination started on March 21, 2013 in a tray filled with pumice sand. The seedlings were supplemented with nutrient solution containing 18.6: 5.1: 8.6: 8.2: 3.0 mg/L of NO 3 -N: PO 4 -P: K: Ca: Mg once they emerged and were kept in a greenhouse for two months before transplantation to a plot consisting of a 24 m 1 m field of mixed soil gray soil and dark-red soil, pH 6.84 with compost containing 1.0:2.3:2.1 N:P:K. The fruits were randomly harvested, classified based on their skin color green, orange, red and stored at 30 in a freezer until they were analyzed, unless otherwise explained. The size of the fruits at different maturation stages are listed in Table 1 .
Chemicals
Standard organic acids malic acid, citric acid, and Lascorbic acid , 2,2 -azobis 2-methylpropionamidine dihydrochloride AAPH and gallic acid were purchased from Wako Pure Chemical Industries Osaka, Japan . Standard capsaicinoids capsaicin and dihydrocapsaicin , 2,2-diphenyl-1-picrylhydrazyl DPPH , fluorescein sodium salt and sodium chloride were purchased from Sigma-Aldrich St. Louis, MO, USA . Chemicals used as standards to identify volatile components were obtained from Tokyo Chemical Industry Tokyo, Japan , Wako Pure Chemical Industries, Kanto Chemical Industry Tokyo, Japan , ACROS New Jersey, USA , Fluka Buschs, Switzerland , and Sigma-Aldrich. 2-N-morpholino ethanesulfonic acid MES , BisTris, and ethylenediaminetetraacetic acid EDTA disodium salt were obtained from Dojindo Kumamoto, Japan . 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid Trolox was purchased from Calbiochem San Diego, CA, USA . Folin-Ciocalteu reagent, potassium dihydrogen phosphate and p-toluenesulfonic acid monohydrate were purchased from Nacalai Tesque Kyoto, Japan . All other reagents were of analytical grade. Data are expressed as means±standard deviation (n＝6).
Analysis of surface color
Reflective color was measured with a Handy NF 333 spectrophotometer Nippon Denshoku Industries Co., Tokyo, Japan with a sensor 8 mm diameter and standard calibration plate No. 99067 on two different skin zones of three fruits. The measured color was plotted in the CIE color space using L* a* b* coordinates.
Analysis of organic acids
The composition of the organic acids, including ascorbic acid was measured according to a previous study 9 . The concentrations of linear regressions of peak area and the concentration of citric and malic acid standards were used for quantification purposes. The data are expressed in mg/100 g fresh weight FW . All assays were performed in triplicate.
Analysis of capsaicinoids
Capsaicinoids were extracted from the fruit using a procedure reported by Minami et al. 13 with the following modifications. The powder of freeze-dried fruit without peduncles 400 mg was mixed with 20 mL of an extraction solvent comprising an equal volume of acetone and ethyl acetate. The mixture was shaken for 1 h at room temperature and centrifuged at 1292 g at 4 for 10 min. The extraction was repeated twice using fresh solvent, and the volume of the combined supernatant was adjusted to 50 mL. Capsaicinoids content including capsaicin, dihydrocapsaicin and nordihydrocapsaicin was measured using an HPLC system with a fluorescence detector. A COSMOSIL 5 C 18 -AR-II column 250 mm 4.6 mm i.d., Nacalai Tesque, Kyoto, Japan was kept at 40 in a Shimadzu CTO-20 AC oven. A Shimadzu LC-20AB pump was operated in isocratic mode with a mobile phase containing equal volumes of 1 acetic acid aqueous solution and acetonitrile at a flow rate of 0.7 mL/min. The injection volume of samples and standards was 5 μL. The respective capsaicinoids peaks were monitored at 485 nm excitation and 530 nm emission using a Shimadzu RF-20Axs fluorescence detector, and the concentration was calibrated by plotting peak area against standard concentrations and expressed as mg/100 g FW. Quantification of nordihydrocapsaicin was done using the calibration curve of dihydrocapsaicin, since there were no commercial standards available for nordihydrocapsaicin and the two molecules share structural similarities. All assays were performed in triplicate. The Scoville heat unit SHU was used as an indicator of chili pepper pungency and is related to the concentrations of the capsaicinoids including capsaicin, dihydrocapsaicin, and nordihydrocapsaicin in the fruit. The SHU calculated according to Equation 1 14 :
where CAP, DHC and nDHC, are the concentrations in ppm of capsaicin, dihydrocapsaicin, and nordihydrocapsaicin, respectively.
Analysis of volatile compounds
Whole fruits without peduncles were frozen using liquid nitrogen and ground in a mortar. The ground sample 1 g was transferred to a 10 mL crimp cap vial Agilent . To halt the enzymatic reaction, 2 mL of 100 mg/mL NaCl in double distilled water ddw was added and 10 μL of 2 mg/mL in 3-pentanol in ddw was introduced as an internal standard. The vial was then sealed and sonicated for 5 min. The method involving exposure of analyte mixtures to a solid phase microextraction SPME fiber reported by Junior et al. 2 was used with some modifications as follows. The volatile compounds were desorbed from the fiber in the GC injector at 250 for 1 min split ratio 1:1 . The vial was preincubated in a water bath for 15 min before conducting SPME for 1 hour. The Supelco 50/30 μm DVB/CAR/PDMS divinylbenzene/carboxen/polydimethylsiloxane SPME fiber was reconditioned after each analysis for 5 min. A GC 6890N Agilent Technologies, USA equipped with a DB-wax 60 m 0.25 mm 0.25 μm column was used for quantification. The injector and flame ionization detector FID temperatures were set to 250 . Initially, the oven was set to 40 , held for 2 min, and then ramped to 200 at a heating rate of 2 /min for 38 min. The resultant peak was calibrated using the FID response of the internal standard, and the content of aromatic compounds was expressed as mg/kg FW. GC-MS analyses were performed on a GC 7890N Agilent Technologies, USA linked to a 5975C inert XL Mass Selective Detector and the separations were performed with a DB-wax 60 m i.d. 0.25 mm, 0.25 μm film thickness column as well as a DB5-MS 60 m i.d. 0.25 mm, 0.25 μm film thickness column with similar conditions as described for GC-FID measurements. The carrier gas helium flow rate was 32 cm/s, the injector and transfer line temperatures were set at 250 , the detector was operated in EI mode 70 eV, mass range 29-450 m/z with quadrupole analyzer , and the temperature for the electron ion source and the interface were set at 230 . The compounds were identified by matching the mass spectra fragmentation patterns with the NIST 2008 library, and by comparing the linear retention indices RIs of n-alkanes C 7 -C 28 with literature data. The identities were further confirmed by co-elution using reference standards.
Evaluation of antioxidant properties
Analysis of oxygen radical absorption capacity ORAC and total phenolic content TPC were performed following a procedure reported in a previous study 9 . Analysis of DPPH free radical scavenging activity was assessed according to Barros et al. 15 with some modifications. A 50 μL aliquot of the prepared extract, 50 μL of MES buffer pH 6.0 and 50 μL of DPPH 0.4 mM were pipetted to a clear 96-well microplate Nunc, Denmark and gently mixed for 10 seconds. After incubation for 20 min, the absorbance was measured at 520 nm using a microplate reader PowerWave TM XS2, BioTek, USA . The TPC was calculated using a linear gallic acid calibration curve and expressed as µg of gallic acid equivalents GAE /g FW while ORAC and DPPH were expressed as µmol of Trolox equivalents TE /g FW. All assays were performed in triplicate.
Statistical analysis
The value of physical properties n 30 , color analysis n 6 , and the other measurements n 3 was expressed as the mean standard deviation. The statistical difference was determined by the Tukey test using Ekuseru-Toukei 2012 Social Survey Research Information Co. Ltd., Tokyo, Japan . Differences were considered significant at p 0.05 or 0.01.
RESULTS AND DISCUSSION
Color
The surface color of Shimatogarashi were studied at three different stages of maturation, yielding different a* and b* values, tone or hue angles h and chroma C for each stage 16 . Table 2 shows that the value of h in the green stage was 89.72 which indicates a color closer to pure yellow, while the orange and red stages had lower angles of 60.89 and 43.40 , respectively, demonstrating that the color inclined to red as the fruit ripened. This can be explained by the transformation of chloroplasts into chromoplasts, followed by the disappearance of chlorophylls and the new formation of carotenoids such as capsanthin and capsorubin 17 . Therefore, skin h was considered a good parameter to measure the maturity index for peppers 18 . Meanwhile, the C value showed that the orange stage had the brightest color 60.79 , followed by the red stage 56.89 and the green stage 45.56 .
Organic acids
In peppers, organic acids are essential components that influence the taste and nutritional value of the fruit 19, 20 .
The major organic acids found in Shimatogarashi, citric, ascorbic and malic acid, are well perceived by human sour taste receptors 20 . The content of all three organic acids significantly increased from the green stage to the red stage Figs. 1A and 1B , as the fruits generally accumulate citric, ascorbic and malic acid during maturation 21 . Compared to Takanotsume which had citric acid as its most dominant organic acid 9 , among the organic acids in Shimatogarashi, malic acid was present in the largest quantities . The concentration of malic acid in different Shimatogarashi maturation stages 0.8-1.2 g/100 g FW fell within the range of malic acid concentrations reported in a study of C. frutescens accessions 0.62-2.07 g/100 g FW by Jarret et al. 22 . Levels of citric and malic acid over time are important in the study of fruit ripening 23 , because in analogy with tomatoes, the changes in acids can alter the perceived flavor of the fruits 24 .
The ascorbic acid concentration increased four-fold in Shimatogarashi from the immature green stage to the mature orange and red stages. This result is in agreement with other investigations 7, 25, 26 on Capsicum spp. The accumulation of ascorbic acid in the mature stages is attributed to higher light intensities and the necessity to prevent damage due to oxidative stress in fruits 3, 26 . However, the ascorbic acid content is also influenced by growth conditions and genotype. In parallel with the amount of ascorbic acid in Tabasco 
Capsaicinoids
Capsaicinoids are responsible for the pungent taste of hot peppers. Capsaicin, dihydrocapsaicin and nordihydrocapsaicin were found to be the major capsaicinoids in Shimatogarashi Table 3 . With respect to capsaicinoid content, capsaicin was detected with the highest concentration, followed by dihydrocapsaicin and then a small amount of nordihydrocapsaicin. Capsaicin and dihydrocapsaicin are considered the typical pungent compounds in chili peppers, inducing a sensation of heat in the mid mouth, palate, throat and back of the tongue, while nordihydrocapsaicin is considered less spicy and yields a shortlived and mildly hot sensation 27 . Other capsaicinoids, homocapsaicin and homodihydrocapsaicin, were detected in minute amounts data not shown . Both compounds induce strong irritation and piercing heat with slow development and long lasting effects on the throat, palate and back of the tongue 27 . These compounds can be extracted by 26 . As well as depending on cultivar type, the evolution of capsaicinoids, which is affected by the activity of capsaicin synthase 26 and peroxidase a capsaicin degrading enzyme , depends on the growing conditions 29 .
Volatile compounds
Using SPME method, there were 77 volatiles compounds that could be detected in the volatile fractions obtained from the three maturing stages of Shimatogarashi. The main compounds comprised of esters 87. 5 , alkanes 5.1 , terpenes 3.1 , and norcarotenoids 0.5 which were lipid soluble compounds. Esters group was the largest, not only in term of amount, but also varieties. The high amount and diverse varieties of esters in the volatile fraction in C. frutescens was also reported by other investigators 2, 6, 8 . For instance, high levels of esters significantly distinguished Malagueta peppers C. frutescens from green peppers and paprika C. annuum 2 . RodriguezBurruezo et al. 6 also reported that similar ester compounds Table 4 were found in Tabasco, Laotian, and Pebrera peppers C. frutescens and C. chinense accessions. Similar to Tabasco, using Shimatogarashi as a spice might complement dishes due to the pleasant and fruity aromas Fig. 1 Organic acid profile of Shimatogarashi peppers at three different maturing stages. Data are expressed as the mean standard deviation n 3 . Different letters in the same category denote significant differences as analyzed by a Tukey test at p 0.05. Table 4 Volatile compounds in Shimatogarashi peppers.
Changes in the Components of Shimatogarashi Peppers with Ripening
arising from its ester content. During ripening, significant changes in the lipid soluble volatile compounds were observed in Shimatogarashi, especially as ester content decreased, while terpene content increased. This is in contrast to climacteric fruit, such as apples and bananas, where the concentration of the fruit s aroma, especially esters develop during ripening 3 . A decrease in the volatile aroma in mature Capsicum fruit was also observed in C. frutescens by Liu et al. 33 , and C. frutescens, C. baccatum var pendulum and C. chinense Jacq. by Junior et al. 2 . The changes in the volatile profile with respect to ripening stages is further elaborated by the PCA scores plot Fig. 2A showing the major types of differences between maturing stages: discriminating red stages R from the orange O and green G stages along the horizontal axis PC 1, 95.8 explained variance and the orange , Burdock 30) , www.goodscentcompany.com 31) and www.flavornet.org 32) . Fig. 2B , as a noticeable difference in the red stage, marked by the presence of terpene groups. In agreement with the PCA description of the terpene groups which underlined the differences of the red stage from the green and orange stages, the amount of limonene, p-cymene and g-terpinene were elevated significantly Table 4 . These compounds having a citrus-like aroma increased in concentration at the red stage, while compounds imparting sweet and fruity flavors such as hexyl 2-methylbutanoate, hexyl 3-methylbutanoate, 4-methylpentyl 3-methylbutanoate, 4-methylpentyl 2-methylpropanoate, 3-methylbutyl 3-methylbutanoate, β-ocimene, α-ionone, and β-ionone decreased. The increase in the proportion of compounds with citrus-like flavors, along with the accumulation of organic acids, may be responsible for the change from a sweet and fruity taste toward a sourer impression at the mature red stage. The presence of alkane and phenol derivatives was highlighted in the orange and green stages in PC 2, respectively. The alkane group separates the orange fruit from the green in PC 2. Aliphatic alkanes as well as 2-methyl branched alkanes can be found in Shimatogarashi, while identical alkanes were also found in the C. frutescens domesticated in China reported by Liu et al. 33 . Rodriguez-Burruezo et al. 6 considered aliphatic and methyl branched alkanes to be associated to capsaicin biosynthesis as they were found in pungent species. On the other hand, based on the PCA loading score Fig. 2B , the presence of phenol derivatives was prominent in the green stage in PC 2. This group was marked by the amount of methyl salicylate, which is mostly found in green unripe tomatoes 34 . These findings reveal the groups of volatile compounds that distinguish the fruits in different stages of maturation and provide valuable information on the further utilization of Shimatogarashi in food flavoring.
Antioxidant properties
The antioxidant properties at different maturation stages were determined on the basis of the peroxyl radical quenching properties of compounds soluble in methanol/ water 3:1 . Applying a universal isolate from the fruits over a purified one confers the benefit of gaining an overall estimation of the soluble compounds influencing the fruit s antioxidant properties 7 . From green to red stages, the fruit extract exhibited high antioxidant properties based on ORAC and DPPH tests Fig. 3 . Both the ORAC test and the DPPH quenching ability significantly increased as the fruit matured. The TPC in Shimatogarashi fruit also significantly increased during maturation from 260.3 to 397.4 mg/100 g FW sample, which was comparable to Bell peppers 284.6-308.5 mg/100 g FW , but lower than Tabasco 513.6-524.4 mg/100 g FW 7 . Phenolic compounds belong to a group of secondary plant metabolites which are synthesized as a response to biotic and abiotic stresses. As such, dietary supplements of phenolic compounds are recommended for human consumption as they cannot be synthesized by the human body and may confer potential health benefits in preventing oxidative stress 35 .
There are various bioactive compounds that influence the antioxidant properties of peppers, including, lipid soluble compound such as capsaicinoids and hydrophilic compounds such as polyphenols, flavonoids and ascorbic acid 7, 26 . Our results show a strong correlation between TPC and capsaicin content with DPPH quenching activity r 0.992 and 0.812, respectively and ORAC r 0.917 and 0.996, respectively . Based on a Pearson correlation analysis, a correlation coefficient r greater than 0.8 was considered strong, while a value less than 0.5 was considered weak 36 . Ascorbic acid content also had a good correlation with DPPH r 0.914 , although a lower correlation with ORAC r 0.579 was found. The same phenomena were observed in another study 37 . In other words, the content of capsaicinoids as lipid soluble antioxidant, which found in higher amount in the red stage compared to the green stage, also showed good correlation with antioxidant activity on both DPPH and ORAC assays. The increase in antiox- idant activity in mature pepper fruits was also described in previous studies on Capsicum spp. 7, 26 . These findings might support the enhanced nutritional benefit in consuming the fruits at the mature red stage.
CONCLUSION
Characterization of the changes in color, organic acids, capsaicinoids, and volatile compounds content as well as antioxidant activity during Shimatogarashi maturation revealed that the flavor changes towards a more pungent, citrus-like flavor and higher antioxidant capacity at the red mature stage compared to the immature green stage. Especially, lipid soluble compounds contributed to pungency, aroma and antioxidant activity of Shimatogarashi fruit. On the other hand, the utilization of the fruit at the immature green stage is still beneficial owing to its pleasant fruity smell, which may be useful in condiments.
